Shallow intrusive and extrusive volcanic events are common in the northeastern part of Chicontepec Foredeep where the close proximity of these volcanic bodies add to the complexity of the Paleocene-Eocene age tight and complex turbidite reservoirs. In accordance with studies in other basins, outcrop analogs of the Chicontepec reservoirs indicate the potential of enhanced natural fracturing and hence the increase of effective porosity in the host rock. We focus on exploring the validity of this observation in seismic and well data, which is rare in the literature. The preliminary results support the hypothesis of the potential increase of effective porosity including indication of dual-porosity systems in some areas, which would influence detailed studies aided by seismic data for considering Chicontepec reservoirs influenced by volcanic intrusions as additional target zones.
Geologic setting
During the Late Cretaceous Laramide (Cordilleran) Orogeny, the Farallon (Pacific) plate began subducting under the North American plate resulting in island arc complexes along the western margin of Mexico (Morán-Zenteno, 1994; Alzaga-Ruiz et al., 2009 ). The northeastward movement of the Farallon plate continued into the Latest Cretaceous and Early Paleocene period. This movement of the Farallon plate accreted and uplifted the Mesozoic sedimentary layers of the former passive margin of the Gulf of Mexico forming the Sierra Madre Oriental fold and thrust belt. Tectonic pulses in the Sierra Madre Oriental continued until the Early Eocene (Alzaga-Ruiz et al., 2009 ). The Chicontepec foreland flexural basin developed in front of this thrust front, with syn-tectonic sedimentation within the foredeep. The Tuxpan platform is situated in the eastern part of the basin (Figure 1 ).
The Early Paleocene Velasco Formation provided the initial sedimentation within the Chicontepec Foredeep, which was followed by Upper Paleocene Lower Chicontepec deposition. A basin-axis-parallel amalgamated channel system was a major source of sediment in the Lower Chicontepec turbidites. A major tectonic pulse beginning during the late Upper Paleocene initiated syn-tectonic basin-axis-perpendicular sediment flows from the direction of the Sierra Madre Oriental. These basin-axis-perpendicular channel-fan systems were the major contributor to the Middle and Upper Chicontepec Formation. These PaleoceneEocene turbidites represent tight hydrocarbon reservoirs (porosity: 1%-10%; permeability: 0.001-5 mD) that can be primarily attributed to the mineralogical immaturity of the sandstone and extensive diagenetic processes. In spite of their low porosity and permeability, the Chicontepec Formation represents one of Mexico's most important hydrocarbon plays. Tristán-González et al. (2009) summarize the volcanic activities in east-central Mexico from the Late Cretaceous to the Miocene (Figure 2 ). Subduction volcanism indicative of tectonic activities was dominant until the culmination of the Laramide orogeny during Late Eocene time followed by transitional volcanism from Late Eocene to Mid-Oligocene, and finally, intraplate volcanism from Mid-Oligocene to .
The burial history chart from the adjacent Veracruz Basin (Magoon et al., 2001) , where petroleum generation occurred from Upper Jurassic source rocks similar to those in the Chicontepec play, shows that oil generation and migration started at approximately 20 Ma and continued through the Miocene (Figure 3 ).
Introduction
As part of a comprehensive reservoir characterization process in the northern part of the Chicontepec Basin, our objective is to understand the effect of the tertiary shallow (1-3 km from surface) volcanic bodies on the Chicontepec sandstones, which form an integral part of the petroleum system. This study might shed 1 Formerly University of Oklahoma, ConocoPhillips School of Geology and Geophysics, Norman, Oklahoma, USA; presently Shell Exploration and Production Company, Houston, Texas, USA. E-mail: sarkar.supratik@gmail.com. some light onto any similar areas influenced by volcanic intrusions.
Several outcrop measurement data have been analyzed to understand the influence of intrusive rocks on the sedimentary host rock in its near proximity (e.g., Schofield et al., 2012; Senger et al., 2015) . These studies indicate the increase of natural fractures within the host rocks in many places, but no clear pattern could be illustrated including some areas with no distinct changes. During the field study of Chicontepec turbidite outcrops, which are exposed west of Chicontepec producing reservoirs, we observed four field sites close to igneous intrusions (Figure 1a) . Along with general observations, some fracture measurements were performed. The Amatitlan 3D seismic survey (Figure 1a ) in the northern part of the Chicontepec play has been the preliminary seismic data set used in this study. Although the bandwidth of this seismic survey is good (ranging 0-60 Hz in this seismic); terrains, swamps, and the presence of several igneous sills and extrusives have a negative effect on the data quality. We have access to few wells in close proximity to a volcanic intrusive and in the vicinity not influenced by volcanics to compare the reservoir properties; two of those wells have capillary pressure-mercury injection data. 
Methodology
We begin by defining the igneous petroleum system followed by the general observations from volcanic rock outcrops and the changes in the surrounding sedimentary rocks due to the influence of volcanic emplacement. Then, we study the changes in well-log patterns within the volcanic bodies and within the underlying and overlying contact zones. Then, we use the observation from outcrop analogs and well logs to delineate potential prospective zones from volumetric seismic attributes along the mapped Chicontepec reservoir interval in 3D seismic and calibrate the analysis results with some reservoir information. Finally, we discuss and exhibit some petrophysical information relating to a potential "dual" porosity system created within the Chicontepec reservoirs as a result of the volcanic influence.
Igneous petroleum systems
Several works have been performed understanding the effect of igneous bodies on host sedimentary rock that can act as reservoir and source rocks in a petroleum system (e.g., Schofield et al., 2012; Senger et al., 2015) . Classification of Delpino and Bermudez (2009) is largely based on the outcrops in Mexico and is more relevant for current study. They classify igneous petroleum systems into two types: Type I consists of igneous rock intruded into a potential source rock, whereas type II consists of igneous body been emplaced into another type of sedimentary rock/reservoir ( Figure 4 ). Type II systems are further classified into three subtypes: IIA, IIB, and IIC. Subtype IIA represents the kind of host rock that is originally a well-known productive formation throughout a basin. Subtype IIB corresponds to a system in which the sills and laccoliths intrude into a tight formation and syn-intrusive fractures; hot hydrothermal solutions may improve the reservoir quality. In subtype IIC, the feeders can act as a trap in the petroleum system. Using this classification, the volcanic bodies intruding the Chicontepec Formation fall into subtype IIB.
Observations and discussion

Volcanic bodies in the outcrops
We observed general characteristics of shallow volcanic bodies such as dikes, sills, and extrusive basaltic lava flows in some of the outcrops exposed in the foothill regions of the Sierra Madre Oriental fold and thrust belt ( Figure 5 ). Most of the volcanic bodies are characterized by adjacent contact aureoles, which we also called "baked zones" and diffused contacts with the underlying and overlying Chicontepec sandstone in some places. The baked zones are generally highly friable and fractured (Figure 5g ). The strata adjacent to the volcanic intrusives in most cases exhibit enhancement of fracture intensity (Figure 6 ). Enhanced fracture intensity was concentrated within 2 m in one outcrop, and the zone was wider (15-20 m) in the other outcrop. The fracture intensity also varied from 5-6 to 20-22 fractures/m in one outcrop but some areas also did not show any clear change in fracture intensity. These enhancements are more common in sandstones as compared with shales primarily due to the higher sand brittleness. Schofield et al. (2012) show the difference in internal structure influenced by sill intrusions in brittle and nonbrittle host rocks. In many cases, the volcanic body itself is highly fractured (Figure 6c ), implying its potential for reservoir rock under suitable conditions. Despite the general observation of enhancement of natural fracturing in most of the Chicontepec Formation rocks close to intrusion, due to the absence of clear patterns, the field measurements were not used as primary quantitative data set for this study but rather used in qualitative sense.
Well-log pattern
Well-log information from the volcanic bodies is very rare in the Chicontepec Basin because the wells are generally planned to avoid these bodies. One of the wells that were drilled through such volcanic intrusives shows a sharp drop in gamma ray and an increase in resistivity at the contact zone between the sedimentary rock and the volcanic bodies (Figure 7) . The most significant observation from this well-log suite is the increase in permeability at the contact zone at the top and bottom of the volcanic body. This observation conforms to the increase in fracture intensity near the volcanic-sedimentary rock contact zone in some of the outcrops, which in turn would increase the host rock effective porosity and permeability. Thus, from observations of the outcrops and well logs, it can be suggested that there is the potential for an increase in permeability due to enhancement of fracture intensity near the contact zones in which the volcanic dikes and sills intrude through or are emplaced adjacent to the tight Chicontepec reservoir.
Seismic data analysis
Volcanic geobodies can be easily extracted from the seismic amplitude and derived root-mean-square (rms) Figure 7 . Well-log pattern of a volcanic sill within the Chicontepec Formation. Note the increase in permeability (red ellipse) at the contact zone between the volcanic rock and the underlying and overlying the Chicontepec Formation. amplitude volumes because the density and velocity of these layers are significantly higher than those of the adjacent sandstone (Figure 8a and 8b) . We interpreted each of the volcanic intrusive bodies near the Chicontepec interval (Figure 8c) . In most places, the seismic amplitude immediately below the volcanic bodies could not be interpreted due to velocity pull up and interbed multiples generated by the volcanics. We denote the first reflector below the volcanic bodies that can be interpreted reasonably well throughout the seismic volume as horizon 1 (Figure 9 ). This interpreted horizon is very close to the top of the Chicontepec reservoir zone, and it is representative of the contact zone between the volcanics and the Chicontepec reservoir units. Although it is difficult to interpret the horizon close to intrusive bodies due to poor image quality; the distance between the volcanic intrusives and "horizon 1" approximately varies between 4 and 100 ms (approximately 12-300 m).
Seismic attributes
The outcrop and well-log study revealed the potential for increased fracture density at the contact zone of the sedimentary and volcanic units. Likewise, the interpreted seismic attributes at the fracture intensive contact zones will likely represent highly Volumetric curvature attributes (Chopra and Marfurt, 2007) and corendered curvature and coherence attributes (Chopra and Marfurt, 2010) can be effectively used to delineate fracture prone zones along stratal and horizon slices. After computing the curvature and coherence attribute volumes from the Amatitlan 3D seismic volume, I analyzed them along the horizon slice corresponding to horizon 1. Then, we mapped the areas near the volcanic bodies in which the most negative curvature (short wavelength) attribute values coincide with the most incoherent values from the coherence attribute represented by red polygons (Figure 10) . We interpret these zones as potential enhanced fractured areas with improved permeability and reservoir netto-gross (N/G) ratios. To validate this interpretation, we looked at the postdrill reservoir information for the wells as indicated in Figure 10 within and outside the zones with red polygons. Comparison between the equivalent stratigraphic units toward the top of the reservoir zone among these wells shows that the wells within the mapped volcanic influenced zones show relatively higher N/G ratios than the wells outside the mapped zones (Figure 10 ).
Dual porosity concept
The Chicontepec sandstones have average quartz, feldspar, and rock fragment composition of Q 29 F 13 R 58 in the northern part of the Chicontepec Basin. In total, 84% of these rock fragments are carbonate rock fragments eroded from Mesozoic carbonate rocks (Bermudez et al., 2006) . Some of these carbonate rock fragments contain intragranular pores (pore space bound within a framework grain), primarily due to the internal chambers of fossil fragments within the rock. In photomicrographs, we can observe that most of these intragranular pores are isolated from the primary intergranular pores (the pore space between the grains) ( Figure 11) . Consequently, although the intragranular pores are counted during the measurement of total porosity, they do not contribute to the permeability of the rock and mostly contain water. The quantity of intragranular porosity varies within the Chicontepec reservoir units, but the areas close to the Tuxpan platform have the potential to contain more intragranular pores due to their influence from this Mesozoic coral reef system. However, if a natural fracture system is present, there is a strong potential that these intragranular pores are connected through the fracture network and the fractures form the secondary porosity, and in these cases the rock will have dual porosity. To analyze this phenomenon, we examine the capillary pressure/incremental mercury injection data from two wells: one within and one outside the mapped zones of seismically delineated areas of potential enhanced fracture intensity. The CM well within the mapped zone shows dominant dual porosity and the HM well outside the mapped zone shows dominant single porosity (Figure 12) .
Because the mercury injection process does not identify intragranular porosity, the wells outside the mapped zone have a dominant single-porosity system consisting of intergranular porosity. At the same time, the well within the mapped zone, owing to enhanced fracture intensity from volcanic influence, has a secondary-porosity system incorporating the intragranular pores. Thus, the well within the mapped zone shows a dual-porosity system from the incremental mercury injection data.
Comparing the neutron porosity versus permeability crossplots from these two wells (Figure 13 ) from different sides of the mapped zone, we observed that the permeability in the well within the mapped zone shows a reasonably linear relationship with neutron porosity. On the other hand, the well outside the mapped zone does not show any such relationship. Because neutron porosity is a response from hydrogen ion concentration, it accounts for the intragranular porosity, in which it is not connected by fractures. Therefore, the neutron porosity from the well outside the mapped zone does not show any relationship with the permeability, whereas the well within the mapped zone shows a good neutron porosity-permeability relationship as primary and secondary porosity within its dual porosity system are related to permeability. 
Conclusion
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